The Vibrio cholerae acfB colonization http://iai.asm.org/content/62/8/3289
Asiatic cholera is a severe, potentially fatal diarrheal disease caused by the gram-negative bacterium Vibrio cholerae. V cholerae remains an important human pathogen responsible for significant morbidity and mortality throughout the world because of the limitations of water treatment facilities and the lack of effective prophylactic vaccines. Following the ingestion of contaminated food or water, V cholerae organisms colonize the intestinal epithelial tissues of the human small bowel via a complex and ill-defined series of events. To successfully colonize the small bowel, the vibrios must penetrate the protective mucous gel and attach to and colonize the brush borders of the intestinal mucosa. The voluminous diarrhea associated with cholera is correlated primarily with the activity of cholera enterotoxin (reviewed in reference 10).
V cholerae coordinately regulates the expression of a number of virulence and colonization determinants through a complex and incompletely defined regulatory cascade (8, 9) involving at least two transcriptional regulators, ToxR (31, 32) and ToxT (19, 33) . Two virulence factors known to be controlled by the ToxR/ToxT regulatory cascade are cholera toxin (28, 30, 31, 32) and toxin-coregulated pilus (TCP) (42, 46) . ToxR mediates transcriptional activation of the cholera toxin operon (cttAB) by binding to the nucleotide sequence lITlC GAT, which is repeated up to seven times in the promoter region of the cholera toxin operon (32) . Assembly of TCP, which is essential for colonization of the suckling mouse (46) and humans (18) by V cholerae, requires ToxR and additional factors to control the expression of 15 genes necessary for efficient pilus biogenesis (34, 36) .
In addition to controlling the synthesis of cholera toxin and TCP biogenesis, the ToxRiToxT regulatory cascade also coor- dinates the expression of the V cholerae accessory colonization factor (ACF) gene cluster (36) . Disruption of any of the four identified acf genes (acfA, B, C, and D) by TnphoA reduces the ability of V cholerae 0395 to colonize the intestines of suckling mice (36) . V. cholerae acf::TnphoA mutant strains exhibit an approximately 10-fold decrease in colonization and a 10-fold increase in the 50% lethal dose relative to the parental strain, V. cholerae 0395. The defect in colonization observed for V cholerae acf mutant strains is not as severe as that caused by mutations that abolish TCP synthesis, leading to the proposal that the acf gene cluster is responsible for the production of an ACF. Presently, the molecular basis for reduced colonization and virulence of V. cholerae acf mutants is unknown. Previous studies in our laboratory have determined that the ACF and TCP gene clusters are physically linked (11) , suggesting that the acf genes may encode a protein(s) that functions together with TCP to promote vibrio colonization of the small bowel. To provide insight into the possible role of the V cholerae acf gene products in vibrio intestinal colonization, we have focused on molecular characterization of the ACF gene cluster. In this study, we report the isolation, characterization, and expression of the acfB structural gene and the subcellular localization of AcfB-PhoA fusion proteins. The data presented below suggest that the AcfB colonization determinant belongs to a family of proteins involved in environmental sensing and signal transduction. 3290 EVERISS ET AL. 
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and reagents. The Escherichia coli and V cholerae strains and plasmids used in this study are listed in Table 1 . V. cholerae and E. coli strains were maintained at -70°C in Luria-Bertani medium (LB) containing 25% (vol/vol) glycerol. E. coli strains were grown at 37°C in LB or M9 medium supplemented with amino acids, glucose, and thiamine. V cholerae were grown either in LB at pH 6.5 and 30°C or in LB at pH 8.4 and 37°C as described previously (32) . Antibiotics were used at the following concentrations: ampicillin, 100 ,ig/ml (LB) or (35) . Inner and outer membrane fractions were also isolated by N-lauroyl sarcosine extraction of total membrane fractions (12) . Approximately 10 mg of total envelope protein in 0.5 ml of 0.01 M HEPES, pH 7.4, was added to 0. (3, 7, 14) . These include TcpI of V cholerae (Fig. 4) and PilJ ofPseudomonas aeruginosa (7), two proteins involved in type 4 pilus biogenesis (7, 14) . An additional V cholerae HCD-containing protein, HlyB (Fig. 4) , is required for efficient secretion of the hemolysin HlyA determinant (3). AcfB exhibits 24, 27, and 20% amino acid sequence identity with TcpI, HlyB, and the E. coli serine transducer Tsr, respectively. The overall relatedness between AcfB and these proteins is 39% (TcpI), 44% (HlyB), and 38% (Tsr). Sequence identity to the AcfB HCD is 75% for TcpI, 67% for HlyB, and 65% for Tsr ( Fig. 3 and 4) . Flanking the HCD of bacterial chemosensors are two regions, designated Kl and Rl, which become methylated and demethylated at the second residue of Glu-Glu pairs in response to environmental stimuli (38) . Three of the four methylated glutamate-glutamate or glutamineglutamate (deamidation yields Glu-Glu pairs) pairs within the Tsr chemosensor (38) are not conserved in AcfB (Fig. 3) . It is not presently known whether AcfB is methylated.
The greatest variability in the reported MCP amino acid sequences is present in the receptor ligand-binding periplasmic domains. Only limited amino acid sequence similarity was detected between AcfB and the periplasmic domains of the MCPs or other HCD-containing proteins (data not shown). Similarity searches comparing the first 300 amino acid residues of AcfB with those of proteins in the NCBI and SWISS-PROT databases failed to identify significant similarities. Limited regions within the putative periplasmic domain of AcfB were found to be similar to sequences within TcpI (Fig. 4) . Amino acid residues 154 to 207 in AcfB and 149 to 195 in TcpI show 20% identity and 59% overall similarity. This region fails to align with any sequences in HlyB (Fig. 4) .
Heterologous expression of the V. cholerae acfB gene in E. coli. The T7 promoter provided by the pBluescript II KS+ plasmid derivative pACFB-1 ( Fig. 1) 11 . (43) (Fig. 2) Enzymatic analysis of V cholerae subcellular fractions indicated that the alkaline phosphatase activity associated with the AcfB-PhoA fusion was enriched in the total membrane fraction (inner and outer membranes) of strain KP2. 22 (Fig. 6) . Western blot analysis of the V. cholerae subcellular fractions revealed that the proteins detected by PhoA-specific antiserum in the soluble fraction (cytoplasm and periplasm) comigrated with E. coli alkaline phosphatase (data not shown), indicating that the PhoA activity associated with the soluble fraction is a result of fusion protein degradation. AcfB-PhoA fusion proteins present in the total membrane fraction were of the size expected for the full-length fusion protein (data not shown). Further fractionation of the total envelope preparations by using isopycnic sucrose density gradients or extraction with N-lauroyl sarcosine (12) revealed that the AcfB-PhoA hybrid proteins were enriched in the cytoplasmic membrane fraction (Fig. 6) . The localization of the KP2.22 AcfB-PhoA fusion protein to the V. cholerae inner membrane fraction supports our earlier contentions that the AcfB signal peptide is not cleaved and that the hydrophobic N-terminal hydrophobic amino acids serve as a membrane anchor to localize AcfB to the inner membrane.
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AcfB affects V. cholerae swarm plate activity. The relationship between AcfB and MCPs and the observation that V. cholerae cells grown under conditions in which the ToxR regulon is maximally expressed (LB, pH 6.5) display reduced swarming when inoculated into semisolid (0.3% agar) LB agar plates (13) prompted us to examine V. cholerae KP3.51 (acJB::TnphoA), KP2.22 (acJ3::TnphoA), and KP1.17 (toxR12) ( Table 1) for altered swarm plate phenotypes. The swarming patterns of four V. cholerae strains are depicted in Fig. 7 . V. cholerae KP1.17 carrying an insertional disruption of the toxR structural gene and 0395 derivatives with TnphoA insertions in acJB display increased swarming activity in semisolid agar compared with the parental strain 0395. This effect is most pronounced under in vitro culture conditions promoting synthesis of ToxR regulon determinants (LB, pH 6.5) (Fig. 7) and less evident under conditions resulting in reduced expression of ToxR-activated genes (LB, pH 8.4) (data not shown). These results suggest that the effect of toxR and acfB mutations is an increase in swarming on the part of the mutant vibrios compared with that of the wild-type 0395 cells. We These cells display reduced swarming activity compared with V. cholerae 0395 transformed with pBR322 when cultured under conditions that repress the synthesis of ToxR-regulated proteins (data not shown).
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DISCUSSION
Colonization of the intestinal epithelial tissues lining the small bowel is a crucial step in V cholerae pathogenesis. We are characterizing a cluster of genes encoding proteins that promote efficient colonization of the small bowel by V. cholerae. This report describes the isolation and characterization of the acfB gene and the subcellular localization of AcfB-PhoA hybrid proteins. The nucleotide sequence of the acfB gene revealed a 626-amino-acid reading frame (Fig. 2) AcfB is predicted to share a number of structural features with the MCPs, including the number and organization of the transmembrane regions, the size of the cytoplasmic domains, and spatial conservation of the distance between the HCD and the C terminus of the AcfB (Fig. 3) . The Glu-Glu or Gln-Glu pairs that are the substrate for the methyltransferase in E. coli and Salmonella typhimurium are not well maintained in AcfB. We are currently attempting to determine if AcfB is methylated in V cholerae cells. Several lines of evidence suggest that the membrane topological organization of AcfB is also similar to that of the MCPs. Three methods (22, 23, 37) for predicting membrane-spanning segments were used to identify two putative transmembrane regions within AcfB. The first is located near the N terminus and spans residues 7 to 25. This region lacks a characteristic signal peptidase cleavage site conforming to the -3, -1 rule proposed by von Heijne (47) , suggesting that it is not removed in the mature protein. This first hydrophobic region may serve to anchor AcfB in the inner membrane of V cholerae, an idea consistent with the observation that AcfB-PhoA hybrid proteins localize to the inner membrane (Fig. 6) . A second contiguous stretch of hydrophobic amino acids predicted to span the membrane is located near the middle of AcfB protein and encompasses amino acids 275 to 294. The presence of two predicted membrane-spanning regions indicates that AcfB exhibits the same membrane topological organization established for MCPs. These predictions are supported by preliminary studies with TnphoA and TnlacZ as topology probes. Limited analysis of acfB::TnphoA and acfB::TnlacZ insertions indicates that AcfB possesses a cytoplasmic domain and a periplasmic domain.
Amino acid sequences with similarity to the HCD of MCPs are also found in the V cholerae TcpI (14) and HlyB (3) proteins (Fig. 4) . TcpI has been implicated as a negative regulator of TcpA synthesis (45) . The HCD is also present in PilJ, a protein required for type 4 pilus expression in P. aeruginosa (7) . HlyB, a putative outer membrane protein, is required for efficient release of the V cholerae hemolysin HlyA from exponentially growing E. coli cells (3) . E. coli cells expressing the V cholerae hlyA gene in the absence of a functional hlyB product produce the hemolysin but do not secrete HlyA into the medium (3). These observations suggest INFECT. IMMUN. that HlyB may function posttranscriptionally to facilitate HlyA secretion. AcfB and TcpI have regions of limited amino acid similarity in the periplasmic domain. The greatest degree of similarity spans amino acids 154 to 208 of AcfB and is localized to a region absent from the other known HCD-containing V. cholerae protein, HlyB (Fig. 4) . The similarity exhibited between AcfB and TcpI in the putative periplasmic domains may represent a shared functional domain responsible for recognizing a common stimulus. Future studies aimed at generating directed mutations in these regions will be used to test this hypothesis. It may be noteworthy that a pH gradient exists at the surface of the small bowel (25, 41) (i.e., the environment becomes more acidic as the epithelial surface is approached), since we know from previous studies that optimal cholera toxin, TCP, and ACF synthesis occurs at pH 6.5 (36, 46 coli results in the production of four distinct protein species (Fig. 6) . A doublet of proteins with apparent molecular masses of 74 and 75 kDa is observed by SDS-PAGE and fluorography and may represent a modified form of the full-length acfB product. The two polypeptide species observed could be explained by removal of the AcfB leader sequence, but the absence of a characteristic signal peptidase recognition sequence and the knowledge that AcfB-PhoA hybrid proteins localize to the inner membrane, presumably anchored by the leader peptide, argue against this possibility. MCPs exhibit multiple forms on SDS-PAGE gels because of methyl modification. Methyl modification of AcfB may explain the presence of the 74-and 75-kDa proteins observed in the E. coli expression experiments. A second set of smaller doublet bands with apparent molecular masses of 34 and 35 kDa was also observed; these most likely result from internal translation initiation in the acfB transcripts. Synthesis of the truncated products by V. cholerae has not been determined. We are currently attempting to generate AcfB-specific antibodies to analyze AcfB synthesis and possible methyl modification in V cholerae cells. The absence of a hydrophobic leader peptide on the truncated AcfB and unlikely translation initiation sites in addition to the ones identified support the assertion that the two proteins in each doublet do not result from removal of a signal peptide from the proteins. Instead, the two forms probably result from posttranslational modifications (methylesterification?) in regions shared by the full-length and truncated proteins.
Vibrios in which toxR has been disrupted exhibit increased motility in semisolid agar when incubated under conditions promoting the expression of ToxR-activated genes, suggesting that motility and virulence are oppositely regulated (13) (Fig.  7) . This observation suggests that the increased swarming activity associated with V cholerae toxR mutants is correlated with the expression of genes positively regulated by ToxR. The altered motility phenotype may be the result of a decreased ability of V. cholerae to orchestrate an effective chemotactic response when ToxR-regulated genes such as acfB (Fig. 7) and tcpI (14) whether AcfB undergoes methylation and demethylation, as well as studies characterizing AcfB interactions with components of the vibrio chemotactic signaling pathway, will examine these possibilities.
The information presented in this report suggests that AcfB represents an environmental sensory molecule that reduces the swarming activity (motility-chemotaxis) of V cholerae. We do not believe, however, that the sole function of AcfB in the colonization process is the dampening of the V. cholerae chemotactic response. This conclusion stems from preliminary studies indicating that TcpI (V. cholerae HCD-containing ToxR-regulated protein) functions as an environmental regulator of tcpA expression (45) . Interestingly, TcpI also downmodulates V. cholerae motility plate activity when it is synthesized at high levels (14) . By analogy, we believe that AcfB may be involved in regulating the synthesis and/or export of one or more of the V cholerae ACF proteins, i.e., we have preliminary evidence that AcfC is secreted by V. cholerae cells into culture supernatants. A better understanding of the role of AcfB in colonization will come from studies examining the expression and structure-function of the other determinants encoded by the ACF gene cluster.
